Introduction
============

Moringa oleifera (Linn) is a medicinal plant that belongs to the family Moringaceae. The plant is widely distributed in the tropics and has been reputed for its wide use in folkloric medicine. It is commonly referred to as the miracle tree because of the beneficial uses of different parts of the plant. Several medicinal properties have been attributed to the plant. The leaves are reputed to have anti-inflammatory and wound healing[@R1], antitumor[@R2], monoamine modulating[@R3], antidiabetic[@R4] and antioxidant[@R4],[@R5],[@R6] properties. Prabsattroo et al.[@R7] postulated that Moringa leaves might have beneficial effects in improving male sexual performance in stress-induced sexual dysfunction rats, but could not ascribe a definite underlying mechanism of action.

Moringa oleifera seeds are round, dirty white in colour, and about 1 cm in diameter. Crude extract of the seed have been used for water treatment and purification[@R8]--[@R10]. They are edible and widely consumed in the northern part of Nigeria. Zade and others[@R11] examined the effects of the aqueous seed extract on sexual activity of male rats and reported significant increase in the mounting frequency, intromission frequency and ejaculation latency with reduction in mounting latency, intromission latency and post ejaculatory interval. It also significantly increased the libido and sperm count, and the authors concluded that the seed extract may enhance male sexual behavior in male rats. A definite or possible mechanism of action was also not ascribed to its activity by the authors. Cadmium is a heavy metal that induces reproductive toxicity, causing testicular damage by arresting androgenesis and inducing oxidative stress[@R13]. To elucidate its possible mechanisms of action, the effects of aqueous extract of Moringa seeds on cadmium-induced reproductive damage in male rats were investigated.

Materials and methods
=====================

Experimental animals
--------------------

A total of 30 male rats (180--200 g) were procured and housed in the Central Animal House, Osun State University, Osogbo. They were kept in well aerated cages and were fed with standard pellet and provided clean water ad libitum. The rat pellets were purchased from Ladokun livestock feeds, Ibadan and contained 21% protein, 35% fat, 30% carbohydrate, 0.8% phosphorus and 0.8% calcium. Throughout the experiment, the animals were maintained on a 12 hour light/ 12 hour dark cycle under constant room temperature (24 degree Celsius). The rats were acclimatized for two weeks prior to onset of experiment. All procedures in this study conformed to the guiding principles for research involving animals as recommended by the Declaration of Helsinki and the Guiding principles in the care and Use of animals[@R13] as amended.

Plant collection and extraction
-------------------------------

Pods of M. oleifera seeds were collected from the plant located in an open field in Ibadan, Oyo State, Nigeria. The plant sample was identified and authenticated at the herbarium of the Federal Research Institute of Nigeria (FRIN), Ibadan, where a specimen was deposited and Voucher number FHI No 111249 assigned. The pods were broken to expose the winged and coated seeds. These coated seeds were then shade dried for several weeks and thereafter individually and manually broken to separate the dried naked seeds from the seed coats. The chaff was discarded while the naked dried seeds were subjected to gravitational force so as to blow off any adhering chaff. The clean white seed were pulverized into a homogeneous powder using an electric blender and stored in a refrigerator at 10 degree Celsius (°C). Aqueous extract of Moringa oleifera seeds (AEMS) was prepared by dissolving 6 g of the grinded pulverized seed in 30 ml distilled water at ambient temperature and then kept for 3 days at 10 °C.Thereafter, the mixture was filtered through a 2 µm pore filter paper[@R6]. Freshly prepared AEMS was stored at 10 °C and used up within 3 days.

Experimental design
-------------------

Rats were randomly divided into 6 experimental groups (n=5) as follows: Control, Cadmium (2 mg/kg), AEMS (100 and 500 mg/kg) and Cadmium + AEMS (100 or 500 mg/kg). Single intraperitoneal dose of Cadmium was administered while AEMS was administered daily by oral gavage (p.o) for 6 weeks. Dosage of AEMS used is as earlier reported[@R11]. Rats were thereafter sacrificed by cervical dislocation under sodium pentobartital (30 mg/kg, i.p) anaesthesia and blood obtained by cardiac puncture[@R14]. Serum obtained was preserved at −20 °C for hormonal assay and biochemical analysis while visceral and sex organs were excised and washed in phosphate buffered saline (PBS) and weighed using a digital weighing scale (Easy-Way Medical, England). Contralateral organs were quickly fixed in Bouins fluid for 6 hours and thereafter 10% paraformaldehyde for histopathotological examination.

Sperm analysis
--------------

The epididymis of rats was excised after sacrifice. The sperm collected from the caudal epididymis were analysed as previously described in the literature[@R15]. Sperm profile was examined microscopically using Olympus research microscope (Olympus, Japan). Diluted sperm suspension was prepared and progressive forward motility was observed and scored to the nearest 10 on a pre-warmed slide under X40 magnification[@R16]. Sperm viability (live/ dead ratio) study was assessed using eosin/nigrosin staining technique. Non motile (dead) sperm absorbed stain while the motile (live) sperm remained unstained. Percentage of viable sperm was calculated from this. Improved Neubauer hemocytometer was used to estimate sperm count. Counting was done in five Thoma chambers[@R17]. Sperm morphology was examined by staining sperm smears on miscroscope slides with two drops of Walls and Ewa stain. The slides were then examined under oil immersion with X100 magnification. The sperm cells with abnormal morphology were counted and the percentage calculated as described by Wyrobek and Bruce[@R18].

Hormonal assay
--------------

Serum obtained from blood samples were used for hormonal and biochemical analysis. Enzyme-linked immunoassay technique was used to measure levels of testosterone, luteinizing hormone and follicle stimulating hormone using kits. The kits were obtained from Calbiotech Inc. (California USA) and contained the respective enzyme label, substrate reagent and quality control sample. The quality control was carried out at the beginning and end of the assay in other to ascertain acceptability with respect to bias and within variations. Tessterone kit used had a sensitivity of 0.075 ng/ml with intra and inter assay variations of 3.9 and 4.3 % respectively. Luteinizing hormone kit had a sensitivity of 0.12 mIU/ml with intra and inter variation of 7.6 and 10.83 % while follicle stimulating hormone kit had a sensitivity 0.353 mIU/ml with intra and inter assay variation of 5.6 and 6.4 %.

Biochemical assay
-----------------

Assay of biomarkers of oxidative stress was carried out spectrophotometrically on serum obtained. Malondialdehyde (MDA) was according to Uchiyama and Mihara[@R19], superoxide dismutase (SOD) according to Sun and Zigman[@R20] and Catalase level as described by Aebi[@R21]. Total tissue protein of testis and epididymis were estimated spectrophotometrically according to the method described by Lowry et al.[@R22] using PBS as standard. The testis and epididymis were washed in ice cold 1.5% KCl solution, blotted with filter paper and weighed. They were then chopped into bits and homogenized in four volumes of the homogenizing buffer (PBS, pH 7.4) using Teflon homogenizer. The resulting homogenate was centrifuged at 10,000 rpm for 10 mins in a cold centrifuge (40°C) to obtain post-mitochondrion fraction. The supernatant was collected and total protein estimated using Randox proteon kit (Randox Laboratories Ltd, UK).

Statistical analysis
--------------------

Data were expressed as mean ± standard error of mean (SEM). Comparison of means were made by one way analysis of variance (ANOVA) using SPSS version 16 (SPSS Inc., Chicago USA). P\<0.05 was considered significant.

Results
=======

Effect of AEMS and cadmium on organ weight
------------------------------------------

Aqueous extract of M. oleifera seeds (AEMS) had no significant effect on the weights of visceral and sex organs ([Table 1](#T1){ref-type="table"}). The relative weight of the spleen of rats treated with cadmium and AEMS (100 mg/kg) was observed to be significantly higher than the control, while spleen weight was relatively higher in all other cadmium treated groups when compared with the control.

###### 

Relative organ weights (%) of cadmium and AEMS treated rats

  ----------------------------------------------------------------------------------------------------------------------
  Organ\       Control     Cadmium     100 mg/kg\   500 mg/kg\   100 mg/kg\                                 500 mg/kg\
  weight (%)                           AEMS         AEMS         AEMS + Cd                                  AEMS + Cd
  ------------ ----------- ----------- ------------ ------------ ------------------------------------------ ------------
  Liver        2.81±0.13   3.11±0.12   2.82±0.12    2.24±0.54    2.59±0.57                                  2.28±0.50

  Kidney       0.28±0.02   0.32±0.03   0.28±0.01    0.28±0.01    0.28±0.01                                  0.30±0.01

  Heart        0.31±0.12   0.35±0.02   0.34±0.01    0.33±0.02    0.30±0.01                                  0.34±0.01

  Spleen       0.35±0.03   0.42±0.05   0.32±0.02    0.37±0.09    0.47±0.03[\*](#TF1){ref-type="table-fn"}   0.43±0.06

  Lungs        0.75±0.07   0.89±0.11   0.73±0.10    0.75±0.02    0.82±0.09                                  0.77±0.04

  Testis       0.36±0.08   0.34±0.10   0.51±0.03    0.42±0.09    0.20±0.02                                  0.21±0.05

  Epididymis   0.17±0.04   0.23±0.07   0.20±0.02    0.23±0.03    0.12±0.02                                  0.15±0.03

  Seminal\     0.32±0.12   0.30±0.10   0.36±0.10    0.35±0.10    0.34±0.06                                  0.31±0.12
  Vesicle                                                                                                   

  Prostate     0.11±0.02   0.08±0.02   0.12±0.02    0.12±0.02    0.10±0.01                                  0.11±0.03
  ----------------------------------------------------------------------------------------------------------------------

Values are Mean±SEM, n=5.

P\<0.05 indicates significant difference from control.

Effect of AEMS and cadmium on sperm profile
-------------------------------------------

[Table 2](#T2){ref-type="table"} showed that cadmium caused a significant decline in sperm motility, sperm count, sperm volume and sperm viability but did not significantly affect sperm morphology. Moringa seeds caused a dose dependent decline in sperm motility and sperm count. The extract failed to prevent cadmium-induced decline in sperm count, sperm volume and sperm viability. Co-administration of cadmium and AEMS (500 mg/kg) caused a greater toxicity to these sperm variables as the values were apparently lower when compared with cadmium only treated rats. Moringa seeds (100 mg/kg) significantly ameliorated the cadmium-induced decline in sperm motility, but not the higher dose (500 mg/kg) of the extract.

###### 

Sperm variables of cadmium and AEMS treated rats

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                 Control       Cadmium                                      100 mg/kg\                                  500 mg/kg\                                                                  100 mg/kg\                                   500 mg/kg\
                                                                            AEMS                                        AEMS                                                                        AEMS + Cd                                    AEMS + Cd
  -------------- ------------- -------------------------------------------- ------------------------------------------- --------------------------------------------------------------------------- -------------------------------------------- --------------------------------------------
  Sperm\         92.00±1.23    1.24±0.34\*\*                                74.00±2.45[\*](#TF2){ref-type="table-fn"}   44.40±14.05[\*](#TF2){ref-type="table-fn"}                                  48.00±11.58[\*](#TF2){ref-type="table-fn"}   1.60±0.40[\*](#TF2){ref-type="table-fn"}
  motility\                                                                                                                                                                                                                                      
  (%)                                                                                                                                                                                                                                            

  Sperm\         135.4±4.82    22.40±13.15[\*](#TF2){ref-type="table-fn"}   99.80±5.95[\*](#TF2){ref-type="table-fn"}   61.20±15.44[\*](#TF2){ref-type="table-fn"}[\#](#TF3){ref-type="table-fn"}   23.30±13.89[\*](#TF2){ref-type="table-fn"}   11.84±11.04[\*](#TF2){ref-type="table-fn"}
  count\                                                                                                                                                                                                                                         
  (million/ml)                                                                                                                                                                                                                                   

  Abnormal\      11.77 ±0.27   7.06±3.52                                    12.53±0.70                                  11.56±2.71                                                                  7.11±3.55                                    4.41±3.16[\*](#TF2){ref-type="table-fn"}
  morphology\                                                                                                                                                                                                                                    
  (%)                                                                                                                                                                                                                                            

  Sperm\         5.18±0.02     2.48±1.08[\*](#TF2){ref-type="table-fn"}     5.18±0.02                                   4.30±0.83                                                                   2.68±0.99[\*](#TF2){ref-type="table-fn"}     1.82±0.82[\*](#TF2){ref-type="table-fn"}
  volume\                                                                                                                                                                                                                                        
  (ml)                                                                                                                                                                                                                                           

  Sperm\         96.80±0.74    12.80±7.70[\*](#TF2){ref-type="table-fn"}    98.80±0.74                                  77.60±11.72                                                                 12.80±7.70.[\*](#TF2){ref-type="table-fn"}   13.00±11.75
  viability\                                                                                                                                                                                                                                     
  (%)                                                                                                                                                                                                                                            
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Values are Mean±SEM, n=5.

P\<0.05 indicates significant difference from control

indicates significant difference from lower dose.

Effects of AEMS and cadmium on total tissue protein
---------------------------------------------------

When comparisons were made with the control group, AEMS (100 mg/kg) caused a significant decline in total testicular tissue protein ([Figure 1](#F1){ref-type="fig"}). An apparent decline in total testicular tissue protein was observed in AEMS (500 mg/kg) treated rats while rats co-treated with the higher dose AEMS (500 mg/kg) and cadmium also had significantly lower testicular protein. However, none of the treatment regimen had significant effect on the total epididymal tissue protein when compared with the control ([Figure 1](#F1){ref-type="fig"}).

![Total tissue protein of Cadmium and AEMS treated rats. \*P\<0.05 indicates significant difference from control](AFHS1803-0653Fig1){#F1}

Effect of AEMS and cadmium on Sex Hormones
------------------------------------------

Cadmium caused a significant decline in serum testosterone level when compared with the control ([Figure 2](#F2){ref-type="fig"}). Moringa seeds (100 and 500 mg/kg) caused a similar decline in serum levels of testosterone, and these were significantly lower than the control. Testosterone levels were also lower in the two groups that received both cadmium and AEMS, but the decline was not statistically significant ([Figure 2](#F2){ref-type="fig"}). Neither cadmium nor AEMS had effect of on serum luteinizing hormone. Other treatment regimen also had no effect on luteinizing hormone level.

![Sex hormones of cadmium and AEMS treated rats. \*P\<0.05 indicates significant difference from control](AFHS1803-0653Fig2){#F2}

Effect of AEMS and cadmium on Serum Antioxidants
------------------------------------------------

[Figure 3](#F3){ref-type="fig"} showed that serum level of catalase was significantly increased by cadmium, AEMS (100 and 500 mg/kg) and combination of both. Cadmium caused a significant decrease in serum level of SOD, likewise AEMS (500 mg/kg), and therefore failed to prevent cadmium-induced decline in SOD. However, treatment with AEMS (100 mg/kg) did not significantly affect SOD, but it prevented cadmium-induced decline in SOD. Cadmium caused a significant increase in serum MDA, an increase that is similar to that caused by AEMS (500 mg/kg). The apparent increase in MDA in all other groups was not statistically significant ([Figure 3](#F3){ref-type="fig"}).

![Oxidative stress biomarkers of cadmium and AEMS treated rats.\
\*P\<0.05 indicates significant difference from control](AFHS1803-0653Fig3){#F3}

Effect AEMS and cadmium on histology of sex organs
--------------------------------------------------

Histological examination of the reproductive tissues showed varying degrees of degeneration of the seminiferous tubules of the testis with accompanied loss of spermatogenic cells and spermatids ([figure 4](#F4){ref-type="fig"}) while the epididymis was largely unaffected ([figure 5](#F5){ref-type="fig"}).

![Photomicrograph (X 400) of a section of testis of Cadmium and AEMS treated rats showing: **A** (Control) with normal spermatogenic cells; **B** (Cadmium only)- Arrow indicates immature spermatogenic cells in the luminal compartment; **C** (100mg/kg AEMS)-Spermatocytes predominate and spermatids are present; **D** (1000 mg/kg AEMS)- Arrow indicates depleted Spermatogenic cells, reduced germinal height and widened lumen; **E** (Cd+100mg/kg AEMS)- Seminiferous tubules devoid of discernable lumen and filled with inflammatory cells and dystrophic calcification; **F** (Cd+1000mg/kg AEMS)- Seminiferous tubules are degenerated and filled with necrotic debris, inflammatory cells and fibrotic cells.](AFHS1803-0653Fig4){#F4}

![A photomicrograph (X 100) of a section of epididymis of Cadmium and AEMS treated rats showing: **A** (Control)- with large intact epididymal tubules and normal epithelium and interstitium, No visible lesion observed; **B** (cadmium only) - No visible lesion observed; **C** (100mg/kg AEMS)- No visible lesion observed; **D** (1000mg/kg AEMS)- Epididymal epithelium is normal and lumens contain spermatids; **E** (Cd+100mg/kg AEMS)- Epididymal epithelium is normal but lumens are devoid of spermatids; **F** (Cd+1000mg/kg AEMS)- moderatecongestion of interstitial blood vessels and No visible lesion observed](AFHS1803-0653Fig5){#F5}

Discussion
==========

The outcome of this study provides to the best of our knowledge the first known scientific data on the actions of M. oleifera seeds on oxidative stress biomarkers and sex hormones of male rats. The aqueous extract of M. oliefera seeds was earlier reported in literature to increase the sexual activity of male rats[@R11], but the mechanism of action was unclear. The elucidate the possible mechanism( s) of action of AEMS on male sexual activity, single intraperitoneal dose of cadmium was administered to induce testicular damage, causing a decline in androgen level and inducing oxidative damage. We then sought to determine if AEMS will prevent or ameliorate cadmium-induced reproductive toxicity. The doses of AEMS used in this study were as reported in literature, 500 mg/kg bw AEMS allegedly having the most pronounced effect on the male sexual activity[@R11].

Results from this study showed that contrary to earlier claim, AEMS at both doses administered caused a significant decline in sperm motility and sperm count when compared with the control ([Table 2](#T2){ref-type="table"}). It had no effect on sperm morphology, sperm volume and sperm viability. Cadmium however also caused a significant decline in sperm motility, sperm count, sperm volume and sperm viability. This is consistent with earlier reports in literature[@R12],[@R23]. Moringa seeds failed to prevent cadmium-induced decline in these sperm variables, although an ameliorative effect was observed on sperm motility at 100 mg/kg dose. Rats treated with a combination of cadmium and AEMS (500 mg/kg) had an apparently greater decline in sperm count and sperm volume when compared with cadmium only treated rats.

Sperm motility and sperm count are reproductive variables that are androgen dependent. The observed decline in serum testosterone level in rats treated with cadmium or either dose of AEMS probably account for the observed decline in these sperm variables of the treated rats. Cadmium induces androgen damage by various mechanisms. This includes inducing genotoxicity by causing molecular apoptosis and necrosis in testicular tissue via alteration of the expression of certain genes such as Caspase, P53, C-Jun and MT-1[@R24] and destabilization of sperm chromatin by blockade of calcium channels and alkalization of the luminal fluid of the seminiferous tubules and epididymal duct by inhibition of Leydig cell androgen production and inhibition of sliding movement of the microtubules[@R23],[@R25]. These probably accounts for the observed decline in sperm motility and sperm count of cadmium treated rats and histopathological derangement of the testis evidenced by multiple seminiferous tubules in which there is loss of thespermatogenic cells at the basal compartment into the luminal compartment. Consequently, immature spermatids which are expected at the basal region predominates the luminal portions. The decline in testosterone in cadmium or AEMS treated rats may not be due to its effect on the pituitary gland, as no effect was observed on luteinizing hormone ([figure 2](#F2){ref-type="fig"}). Cadmium has been reported to inhibit expression of Steroid gene acute regulatory proteins -StAR[@R26],[@R27] and cause shrinkage of leydig cell nuclei and diminish the amount endoplasmic reticulum, mitochondria and cytoplasmic matrix[@R28]--[@R30]. In addition to causing a decline in testosterone, AEMS also reduced the total testicular protein when compared with the control. Also, histopathological examination of the testes revealed depletion of the spermatogenic cells and erosion of the basal membrane of the seminiferous tubules. However, total epididymal protein of treated rats was not significantly affected and the histology of the epididymis revealed that the extract caused no discernible lesion. Therefore, it is probable that AEMS mediates its toxicity effect on male reproductive system by directly acting on the testis, but not the epididymis.

The action of AEMS on testosterone may probably be mediated by its phytochemical constituents. Phytochemical screening of M. oleifera seeds using water or methanol solvents revealed the presence of alkaloids, saponins, tannins, terpenes, alkaloids, flavonoids, carbohydrates and cardiac glycosides[@R31]--[@R33]. Some of these constituents for example flavonoids and saponins have however been implicated in male reproductive toxicology. Rutin, a flavonoid commonly found in nature, has anti-mitotic, vasoprotective, and antihyperlipidemic activity. When hydrolyzed as quercetin, it causes a decline in epididymal organ weight and promotes inhibition of spermatozoa motility, alterations in the prostate, and in the levels of testosterone and dihydrotestosterone[@R35]. Also, Maoxin et al.[@R35] reported that icariin, a flavonoid isolated from Herba epimedii plant, at higher doses may damage reproductive functions by increasing oxidative stress in the testes, although at lower doses within a certain dose range may be beneficial to male reproductive functions. Saponins have also been reported to induce male reproductive toxicity, causing a decrease in weight of sex organs, sperm count, sperm motility and sperm density with histomorphological damage to the sertoli and leydig cells[@R36].

Oxidative stress is a general term used to describe a state of damage caused by reactive oxygen species[@R37]. Reactive oxygen species (ROS) have a high reactivity potential and are therefore toxic and can lead to oxidative damage in cellular macromolecules such as DNA, proteins and lipids[@R38]. When ROS generation exceeds the antioxidant capacity of cells, oxidative stress develops[@R39]. The onset of oxidative stress is marked by accumulation of reactive oxygen species[@R40]. Superoxide dismutase is an enzyme that repairs cells and reduces the damage done to them by superoxide, the most common ROS in the human body. Studies have shown that SOD acts both as an antioxidant and anti-inflammatory agent[@R41]. Cadmium has been reported to cause an increase in ROS in testicular tissues by decreasing zinc utilization via competitive binding[@R42]. Zinc enhances testosterone synthesis and scavenges ROS produced in the testicular tissues. In this study, cadmium caused a significant reduction in SOD activity which may be inferred to imply increased generation and accumulation of free radicals such as superoxide. The extract (500 mg/kg) caused a similar decline in SOD activity when compared with the control, and this suggests a potential capability of the extract to induce oxidative damage. SOD has been reported to be easily inactivated by ROS and lipid peroxides[@R43]. The observed increase in catalase level in all treated rats may probably be due to a reactionary response to the increased superoxide generated (or other free radicals) due to respective treatment. However, SOD level was not affected by low AEMS dose (100 mg/kg) and cadmium-induced decline in SOD was observed to be ameliorated by AEMS at this dose. This is contrary to the observed effect at a higher AEMS dose (500 mg/kg).

Lipid peroxidation is associated with a wide variety of toxic effects including decreased membrane fluidity and function, impaired functions of the mitochondria, Golgi apparatus and inhibition of enzymes, and these may culminate in production of toxic and reactive free radicals and cell death41. Malondialdehyde (MDA) is an end-product of lipid peroxidation and is frequently measured as an index of these processes[@R44]. The high increase in the level of MDA in cadmium or AEMS (500 mg/kg) treated groups may indicate lipid peroxidation culminating in generation of superoxides and induction of oxidative damage. This hypothesis is buttressed by the observed decrease in SOD and increase in catalase. Koyu et al.[@R45] earlier reported an increase in MDA level in cadmium treated rats. An apparent increase in MDA was observed in other treatment regimen, but not statistically significant.

Conclusion
==========

Aqueous extract of Moringa oleifera seeds may exhibit male reproductive toxicity, acting majorly on the testis as observed from its deleterious effect on testicular androgen, testicular total protein, sperm variables and the induction of oxidative stress in rats. The extract therefore has no significance in cadmium-induced reproductive toxicity.
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